Abstract: Biological therapy became available for psoriasis with the introduction of alefacept at the beginning of this century. Up to then, systemic treatment options comprised small molecule drugs, targeting the immune system in a non-specific manner. The first biologics targeted T-cell activation and migration and served as an alternative to small molecules. However, significant improvement in outcome was first accomplished with the introduction of tumor necrosis factor-α inhibitors that were already approved for other inflammatory disorders, including rheumatic diseases. Along with the progress in understanding psoriasis pathogenesis, highly targeted and effective therapies have since developed with the perspective not only to improve but to clear psoriasis. These accomplishments enable future achievement of advanced goals to individualize treatment best suited for each patient. Mechanistic studies with patients treated with the new highly targeted biologics may guide us towards these goals. This review offers an overview of biologics developed for psoriasis and illustrate a historical progress in the treatment of this common chronic inflammatory skin condition.
Introduction
Psoriasis is present worldwide, but with varying prevalence (e.g., 0.24% in Taiwan vs. 8.5% in certain areas of Norway) [1, 2] . Traditional co-morbidities associated with psoriasis is psoriasis arthritis (PsA) (prevalence of 10-30% [3, 4] ), inflammatory bowel disease [5] , and cancers (especially cancers associated with alcohol drinking and smoking) [6] . However, recent studies have established solid evidence for psoriasis being associated with a palate of lifestyle co-morbidities, the metabolic syndrome and the derived consequences diabetes and cardiovascular disease [7] [8] [9] [10] [11] . These factors are more strongly associated with patients suffering from severe psoriasis compared with mild psoriasis [10] . Cardiovascular disease involves T-cell signaling pathways common to the inflammatory process of psoriasis. A state of low-grade inflammation may be a contributing factor to the reduced life expectancy in psoriasis patients [9, 12, 13] . With this knowledge, the rationale of effectively and systemically treating inflammation in patients with moderate to severe psoriasis becomes even more profound.
Small molecules were the first breakthrough in systemically treating psoriasis. They mainly targeted the immune system in a non-specific manner. Psoriasis area severity index (PASI) 75, defined as a 75% reduction in PASI, has for decades been the gold standard for primary outcome in randomized controlled trails of therapies for psoriasis. The PASI75 response rate for methotrexate, a conventional first-choice small molecule drug for systemic treatment of psoriasis, is typically 35.5-41% [14, 15] .
Today we are standing in the middle of the second breakthrough of systemic treatments for psoriasis with the development of biologics. With these highly targeted and effective therapies, PASI90 and PASI100 have become the new, realistic gold standard endpoint measurements in clinical trials [16] .
Biologics developed for psoriasis are for the indication of patients with moderate to severe psoriatic disease that are candidates for systemic treatment or phototherapy. Some of the biologics have also received approval for PsA. Most results on the latest biologics developed for psoriasis are based on randomized studies with placebo as the control arm, whereas only a few head-to-head studies have been completed. Also, there is a need for data on long-term efficacy and safety that cannot be generated from the relative short-term clinical trials required for drug approval. Therefore, it is not possible, at this point, to draw conclusions on the most favorable drug within the group of the newest, highly targeted biologics. One approach is indeed to identify the best drug over others on average. However, another future approach may be to focus research on the link between psoriasis, genetics and co-morbidities in context with the mechanism of new biologics. This valuable knowledge may generate the possibility of an individualized treatment according to a mapped, personal "psoriasis-profile" for each patient.
Definition of Biological Therapy
Psoriasis has for many years been considered a skin disease that originated primarily from abnormal behavior of keratinocytes. During the last 30 years, more substantial evidence has been provided that the immune system plays a crucial role in both initiating and maintaining psoriasis. In 1979, Mueller and Hermann conducted a pilot study to investigate the effect of ciclosporin on rheumatoid arthritis and included four patients with PsA as well [17] . To their surprise, ciclosporin had excellent effect on psoriasis skin lesions. The authors discussed ciclosporins anti-lymphocytic effect, mainly on T-cells, as part of the mechanism. Years later, it was demonstrated that in mice with severe combined immunodeficiency, injected activated autologous peripheral blood mononuclear cells obtained from psoriasis patients, converted transplanted non-lesional human psoriasis skin into psoriatic plaques [18] . These results strongly supported the theory of immune cells as main actors in driving psoriasis.
Ciclosporin is a small molecule drug, and more small molecules were introduced in the treatment of psoriasis where topical agents were insufficient: hydroxyurea, retinoids, fumaric acid esters, and methotrexate. Apremilast is a phosphodiesterase-4 inhibitor that was more recently marketed for psoriasis, and a new formulation of dimethyl fumarate was marketed in Europe in June 2017. More are in clinical development, including Piclidenoson/CF101 (adenosine A3 receptor inhibitor) and BMS-986165 (tyrosine kinase 2 inhibitor) (www.clinicaltrial.gov accessed on June 2017: NCT03168256 and NCT02931838).
The terms biological therapy/biological product/biopharmaceutical/biological/biologic are used haphazardly, but actually comprise a variety of products with natural origin, e.g., vaccines, blood and blood components, gene therapy, and recombinant protein sources [19] . However, today we most often aim to refer to the subgroup of large, complex molecules that represent targeted therapy, including monoclonal antibodies and receptor fusion proteins. In this review, we will in the following use the term "biologic".
Compared to small molecules, biologics are large molecular-weight proteins that need to be injected, since they would become degraded in the gastro-intestinal tract if orally administered. Small molecules have a small molecular weight (<1000 Da), are administered orally or topically and their target is less specific compared with biologics [20] . Whereas small molecular drugs are able to cross the cell membrane, biologics act outside or on the surface of cells. Furthermore, biologics require engineering from live, specialized cells, whereas small molecules are simpler and chemically synthetized [21] .
The nomenclature for receptor fusion proteins and monoclonal antibodies follow the rules set by International Nonproprietary Names selected by the World Health Organization. "-Cept" is used as the stem to identify the drug as a receptor molecule, and "-mab" is used as the stem for monoclonal antibodies. Antibody origin is indicated by introducing a "-u-" for fully human origin (e.g., secukinumab). Antibodies that origin from both human and mouse are humanized, "-zu-" (e.g., ixekizumab or chimeric, "-xi-" (e.g., infliximab) [22] .
Psoriasis Pathogenesis
Biologics are the proof-of-concept for the significant progress that has been achieved in understanding the complex pathogenesis of psoriasis. The specific targets of biologics have out-pointed crucial cytokines, including tumor-necrosis-factor (TNF)-α, interleukin (IL)-23 and IL-17, for the development and maintenance of the skin changes in psoriasis. The sequences of cellular events involved in IL-23 and Th17 signaling are referred to as the IL-23/Th17 signaling pathway, and is one of the most studied in psoriasis [23] . In order to give a better understanding of where in the immune system the various biologics are targeting, an overview is given in the following, of the most important cells and cytokines involved in development of psoriasis.
Psoriasis pathogenesis involves both the innate-and the adaptive immune response. Though, psoriasis is mainly considered a T-cell mediated disease, and the T-cell targeting biologics, alefacept and efalizumab substantiated the role of T-cells as primary modulators. The IL-23/Th17 pathway not only involves different subgroups of T-cells, but also include, e.g., dendritic cells, macrophages, neutrophils, and keratinocytes. The initiation of this inappropriate immune response is still being elucidated, but the combination of a predisposing genotype and external factors as skin trauma, known pharmaceuticals, bacterial and viral infections, and stress have been suggested as key triggers.
Traditionally, pathogenesis of psoriasis is considered in two phases, the initiation phase and the maintenance phase. Some of the triggers of psoriasis are known to disrupt or stress the keratinocytes in the epidermis which in turn release self-deoxyribonucleic acid (DNA) and the anti-microbial peptide LL-37 (cathelicidin). Besides self-DNA, pathogen-derived DNA is able to form a complex with LL-37. The complex binds to toll-like receptor 9 on plasmacytoid dendritic cells in the dermis. The plasmacytoid dendritic cell secretes type 1 interferons (IFN-α and -β), TNF-α, IL-6, and IL-1β that stimulate the local myeloid dendritic cells to migrate to the local draining lymph nodes. Upon contact with the resting naive T-cells, they secrete cytokines including TNF-α, IL-12 and IL-23, which induce the T-cell to differentiate into mature Th1-, Th17-, and Th22-cells. When returning to the skin, these specific T-cell linages release TNF-α, IFN-γ, IL-17A and -F, and IL-22 that stimulate keratinocytes to proliferate and leads to an altered differentiation. Erythema due to angiogenesis, dilated and tortious vessels in the dermal papilla, thickening of the skin due to acanthosis, and scaling due to an accelerated proliferation and altered differentiation of keratinocytes develop. Around 10 years ago, the IL-17 producing subtype of T-cells, Th17-cells, was identified [24] . IL-17A has though been found not only to be linked to the cluster of differentiation (CD)4 + T-cells. CD8 + T-cells, γδ T-cells, natural killer cells, mast cells and neutrophils are all sources of IL-17A [25] [26] [27] . Furthermore, keratinocytes are a source of IL-17C [28] .
Upon receptor stimulation of keratinocytes, they themselves produce cytokines, e.g., TNF-α, IL-6, IL-1β, and chemokines, chemokine (C-X-C motif) ligand (CXCL) 8, CXCL10, and chemokine (C-C motif) ligand 20 (CCL20). The pro-inflammatory cytokines enhance the activation of the present mature T-cells and close the loop of a chronic inflammation cycle that represent the maintenance phase. The keratinocyte secreted chemokines recruit neutrophils from the circulation that enter the skin and collect into the characteristic microabcesses of Munro in the epidermis. Macrophages are also recruited to the site of inflammation and produce TNF-α [26, 29] . Once established, this pathological cycle of inflammation can be activated at distant locations with or without the initial trigger factors.
In Figure 1 , the site of action of biologics that has been marketed for the treatment of psoriasis is illustrated. 
Biologics for Psoriasis
No definition on biologics for psoriasis categorizes them in old and new therapies. However, the oldest group of biologics encompasses molecules that target the activation and migration of T-cells, alefacept and efalizumab. Therefore, biologics targeting TNF-α were developed, and are often referred to as first-generation biologics: etanercept, infliximab, and adalimumab. Second-generation biologics emerged from 2009 with antibodies targeting the IL-23/Th17-pathway (Table 1) . Ustekinumab, secukinumab, ixekizumab, brodalumab, and guselkumab have received United States Food and Drug Administration (FDA) approval, and more are in late, clinical development for psoriasis: tildrakizumab and risankizumab. 
No definition on biologics for psoriasis categorizes them in old and new therapies. However, the oldest group of biologics encompasses molecules that target the activation and migration of T-cells, alefacept and efalizumab. Therefore, biologics targeting TNF-α were developed, and are often referred to as first-generation biologics: etanercept, infliximab, and adalimumab. Second-generation biologics emerged from 2009 with antibodies targeting the IL-23/Th17-pathway (Table 1) . Ustekinumab, secukinumab, ixekizumab, brodalumab, and guselkumab have received United States Food and Drug Administration (FDA) approval, and more are in late, clinical development for psoriasis: tildrakizumab and risankizumab. In this review, PASI75 will be reported from clinical studies as measurement of efficacy. This endpoint has been the primary endpoint for the majority of studies and illustrates the development in efficacy from the first biologics up till today. Calculation of PASI encompasses the physician's assessment of the degree of the lesions' redness, thickness, scaliness, and the proportion of area involved. For years, PASI75 has been the gold standard endpoint, but today PASI90 and PASI100 are being used more extensively, as therapies have become more efficient and patient expectations to treatment higher. Moreover, there is supporting evidence that further improvement in patient quality of life is achieved with a PASI90-and PASI100 response, compared with a PASI75 response [30, 31] . Other often-reported endpoints include Physician Global Assessment (PGA)/Investigator's Global Assessments and calculation of the affected body surface area (BSA). The difficult-to-treat sites, scalp and nails, are assessed by Psoriasis Scalp Severity Index and Nails Psoriasis Severity Index. A tool to measure quality of life in patients with dermatological conditions is Dermatology Life Quality Index, and furthermore short-form-36 has been developed for patients with psoriasis specifically. They are important tools to confirm that the improvements documented with the calculation of objective measurement tools are also clinical meaningful to the patient. More patient-reported outcome measurements specific for psoriasis are available and being used in newer clinical trials to document efficacy of the medication being tested on function and psychosocial aspects which are factors greatly affected by psoriasis.
T-Cell Targeted Biologics

Alefacept
Alefacept was the first biologic approved by the FDA for treatment of psoriasis [32, 33] . Alefacept is a human lymphocyte function-associated antigen (LFA)-3/immunoglobulin (Ig) 1 fusion protein.
It binds to CD2 molecules on the surface of activated T-cells, and thereby blocks co-stimulation of T-cells by the antigen presenting cell (APC). In addition, it selectively targets memory-effector T-cells, thereby both acts to inhibit activation of T-cells and deplete memory T-cells [33] . Due to alefacept's mechanism of action, the drug was expected to provide a relatively long-term remission even without treatment [34] . Two phase III studies reported results on alefacept as intra-muscular (I.M.) injection and as intra-venous (I.V.) administration, respectively, demonstrating similar but only modest efficacy. Only I.M. administration of alefacept was approved for treatment of psoriasis. In the trial program, alefacept I.M. was administered as 15 mg once weekly for 12 weeks and I.V. administration as 7.5 mg once weekly for 12 weeks. The authors both included PASI75 response rate two weeks after the last dose of alefacept, and an overall response rate after 12 weeks of treatment and 12 weeks of follow-up as more patients responded to treatment at a later time point. The proportion of patients achieving PASI75 at week 2 post-treatment was 21% (I.M. alefacept) and 14% (I.V. alefacept) compared with placebo 5% (I.M. alefacept) and 4% (I.V. alefacept). The overall PASI75 response rate was 33% (I.M. alefacept) and 28% (I.V. alefacept) compared with placebo as high as 13% (I.M. alefacept) and 8% (I.V. alefacept) [35, 36] . After a 12-week treatment-free period, a second course of I.V. alefacept improved the overall PASI75 response to 40% [35] . Median duration of remission (time to retreatment or maintenance of PASI50) was 7 to 10 months for both I.M. and I.V. administration in phase II and III studies [34] . Although efficacy of alefacept was only modest, the drug was an option to patients not controlled on conventional systemic treatment. The authors commented that at this time point (in 2002) complete clearing was hoped for but not expected in psoriasis [35, 37] .
As more biologics emerged, alefacept became inferior in treatment of psoriasis. A study from 2013 on cost-effectiveness of biologics for psoriasis showed overall that alefacept was the least cost-effective biologic agent compared with adalimumab, etanercept, infliximab, and ustekinumab [38] . In 2011 alefacept was withdrawn from the market.
Efalizumab
Efalizumab was approved by the FDA the same year as alefacept, and was the first biologic approved in both the United States and Europe. The drug is a humanized monoclonal IgG1 antibody, directed against CD11a, the α-subunit of LFA-1. It leads to blockade of the interaction between LFA-1 and Intercellular Adhesion Molecule 1 (ICAM-1), which similar to alefacept interferes with the co-stimulation of T-cells when contacted by the APC. As ICAM-1 is expressed in a variety of tissues, the sites of action are plural for efalizumab compared with alefacept. Efalizumab affects extravasation of circulating lymphocytes and the interaction of activated T-cells with keratinocytes [39, 40] .
In two phase III studies, efalizumab 1.0 mg/kg once weekly for 12 weeks (initial conditioning dose of 0.7 mg/kg) demonstrated PASI75 response rates of 26.6% and 31.4% versus 4.3% and 4.2% in the placebo group [41, 42] . Continuous treatment through 24 weeks improved PASI75 to include 43.8% of the treatment group [42] . A third phase III open-label trial demonstrated a higher PASI75 rate at week 12 (41.3%) with the double dose efalizumab (2 mg/kg once weekly). Patients who had achieved ≥PASI50 were included in a second phase of efalizumab 1 mg/kg once weekly for up to 36 months of therapy. Intention to treat analysis (last observation carried forward) showed that at week 36 the proportion of patients with a PASI75 response was stable on 45.4% and, as expected, higher in an additional as-treated analysis [43] .
Although not obvious from clinical trials, the extended mode of action of efalizumab compared with alefacept was reflected in an improved efficacy for treatment of psoriasis in a meta-analysis. Efficacy of alefacept, efalizumab, etanercept, and infliximab was ranked, resulting in lowest rank for alefacept and efalizumab, although efalizumab with superior rank compared to alefacept [32] .
Problems with safety became clear in the post-marketing phase. Association between long-term treatment with efalizumab and development of the rare but life-threatening disorder progressive multifocal leukoencephalopathy (PCL), was established [44] . PCL is a rapidly progressive infection of the central nervous system caused by JC-virus. Therefore, efalizumab was voluntarily withdrawn from the market in 2009 [45] .
Tumor-Necrosis-Factor (TNF)-α Inhibitors
Etanercept
Already approved for the treatment of PsA, etanercept was the first TNF-α inhibitor FDA approved for treatment of psoriasis in 2004 [46, 47] . In 2009, the European Commission extended the indication for adults to children from the age of six years. First in 2016, FDA also approved etanercept for the use in children down to the age of four years [48] .
Etanercept is a recombinant human TNF-receptor fusion protein. It consists of two extracellular domains of human soluble TNF receptor units that bind TNF-α, both soluble and membrane-bound, and a Fc-fragment of human IgG that stabilizes the molecule. As a dimeric molecule, it can bind two TNF-α molecules and act as a competitive inhibitor of endogenous TNF-α [49] . TNF-α is produced by e.g., dendritic cells, Th1-, Th22-, and Th17 cells, macrophages, and keratinocytes with multiple targets in psoriasis pathogenesis. TNF-α inhibitors are therefore considered targeted therapy, but with a widespread target, compared to second-generation biologics.
Phase III results reported that etanercept 50 mg twice weekly resulted in achievement of PASI75 at week 12 in 47-49% of patients compared with placebo (3-5%) [49] [50] [51] . Further treatment with etanercept 50 mg twice weekly improved PASI75 response rate; at week 24, the PASI75 response was 59% (last observation carried forward) [50] . Similar results were achieved in an open label extension of a phase III study up to week 96 [52] . Label dosing for etanercept is however, 50 mg every other week after the initial 12-week induction treatment.
Etanercept has been used as the counterpart in several head-to-head studies both within first-generation biologics (described in the last section of Section 4.2) as well as newly approved second-generation biologics (described under the respective second-generation biologics). Recently, etanercept has been compared with tofacitinib-that is biologic versus small molecule therapy-with similar results on PASI75 [53] . Tofacitinib is though not yet approved for the indication psoriasis.
Infliximab
In 2006, the FDA approved the use of infliximab for psoriasis, one year after the approval for treatment of PsA. Infliximab is a chimeric IgG1 monoclonal antibody (human antibody constant regions and murine variable regions) that binds to and neutralizes biological activity of TNF-α by binding soluble and membrane-bound TNF-α [54] .
In terms of efficacy, infliximab demonstrates favorable performance; in a meta-analysis of TNF-α inhibitors and ustekinumab, infliximab and ustekinumab were the most effective treatments with similar performance [55] . Two phase III studies reported that infliximab 5 mg/kg at week 0, 2, and 6 resulted in PASI75 responses at week 10 of 75.5% and 80% compared with 1.9% and 3.0% with placebo [56, 57] . Similar results on efficacy were found in a randomized, controlled trial of Chinese patients with moderate to severe psoriasis [58] . Of all the above studies, the lowest proportion of patients achieving PASI75 at week 10 was in a population of Japanese patients with moderate to severe psoriasis (PASI75; infliximab = 68.6% versus placebo = 0%) [59] .
The chimeric composition of infliximab may render the drug more immunogenic compared with etanercept and adalimumab. In theory, this may lead to increased production of neutralizing anti-drug-antibodies (ADA) and the risk of infusion reactions. Infusion reaction, has been seen in 3-23% of psoriasis patients treated with infliximab and was in severe cases the direct cause for discontinuation of treatment [56, 57, 60, 61] . Immediate infusion reactions include e.g., pruritus, flushing, hypertension, headache, and rash, whereas late infusion reactions are less frequent and is of the serum sickness type [62] . Intermitted treatment with infliximab as needed has been studied with the intention to improve outcome, but resulted in increased risk of infusion reactions from 6.2-7.2% (normal regime) to 9.2-11.1% (as-needed) of all infusions [56] . Infliximab in combination with methotrexate has not been approved for psoriasis as it is for e.g., rheumatoid arthritis. The combination with methotrexate, decreases the risk of loss of effect. Moreover, infliximab as monotherapy is more often associated with infusion reactions [60, 63] .
Adalimumab
Adalimumab was approved by the FDA in 2005 for the treatment of PsA and three years later received approval for treatment of psoriasis [64] . So far, adalimumab has received licenses in only Europe (in 2015) for the treatment of children from four years of age. Adalimumab is a fully human monoclonal antibody of the IgG1 isotype that binds soluble and membrane-bound TNF-α like infliximab [65] .
Results from a phase III study showed, that with adalimumab 80 mg week 0 followed by 40 mg at week 1 and then every other week, 71% achieved a PASI75 response at week 16 compared with 7% in the placebo group [65] . An extension of the phase III study (open label), showed that 76% of patients with at least a PASI75 response at week 16 and 33 (sustained responders), maintained PASI75 after 160 weeks of continuous treatment (measured as last observation carried forward) [66] .
Results on efficacy were similar in Japanese and Chinese patients with moderate to severe psoriasis [67, 68] .
Two additional phase III studies have been conducted. One was a head-to-head study comparing adalimumab with increasing doses of oral methotrexate, and showed that at week 16, 79.6% of adalimumab-treated patients achieved PASI75, compared with 35.5% for methotrexate and 18.9% for placebo. In addition, adalimumab's onset of action was more rapid compared with methotrexate [14] . There are however, some concerns that need to be addressed. The relatively high effect in the placebo group raises concern about the validity of the results. Furthermore, in this study, the starting dose of methotrexate was 7.5 mg/kg/week. In daily clinic, starting doses of oral methotrexate are more often 12.5-15 mg/kg/week [69, 70] . Moreover, results from a recent randomized study on methotrexate as injection therapy, indicate that injection therapy is more effective and has a faster onset of action when considering previously reported results on oral methotrexate [15] . A randomized study on oral versus injection methotrexate is though needed to draw conclusion.
The third phase III study examined combination therapy with adalimumab + calcipotriol/betamethasone and adalimumab + vehicle. At week 16, the PASI75 response was 64.8% for the combination versus 70.9% for adalimumab as monotherapy with no significant difference. However, combination therapy resulted in a more rapid response within the first four weeks of treatment [71] . Altogether, the clinical studies above have demonstrated a PASI75 response at week 16 for adalimumab to comprise around 70% of patients being treated.
The group of TNF-α inhibitors share the same target. However, due to structural differences of the molecule for each drug, the overall mechanism of action differs, which is reflected in terms of efficacy and adverse events. PASI75 responses at week 10, 12 or 16 reported in the phase III studies above for the group of TNF-α inhibitors, range from 47% (etanercept) up to 80% (infliximab), with results on adalimumab close to infliximab. Studies specifically designed to compare the three TNF-α inhibitors have brought more supportive data for infliximab to be the most effective and etanercept the least effective. A head-to-head study and a meta-analysis, have found infliximab superior in terms of PASI compared to etanercept, and the meta-analysis categorized etanercept as the least effective compared with infliximab and adalimumab [72, 73] .
For each of the TNF-α inhibitors, there is a risk of developing ADA. The clinical relevance of ADA on loss of efficacy and adverse events during treatment is not always clear. Enzyme-linked immunosorbent assay have been used for detection of ADA which may have contributed to the large variation reported in different studies in addition to the fact that some patient samples are tested inconclusive to whether or not they are positive for ADA [74] . Patients positive for ADA have also been seen to test negative at a later time point with continues treatment [51] . Moreover, a dose-response relationship for the development of ADA has not clearly been demonstrated [56, 57] . Some clinical trials determine the status of ADA as being neutralizing or non-neutralizing, but there is no consensus opinion on the consequence of this distinction [49] [50] [51] . In spite of these challenges, there has been some evidence that the presence of ADA in patients treated with infliximab and adalimumab experience decreased clinical response (and is associated with reduced plasma concentration of TNF-α inhibitor), whereas ADA against etanercept has no effect on clinical response [74, 75] . Detection of declining plasma TNF-α concentration may be a better tool to detect clinical influence of developed ADA.
For the group of TNF-α inhibitors, rare but severe adverse events have been reported and included in the drug label. In the nature of being rare, cases most often did not reach significance compared to placebo or control treatment in clinical trials of psoriasis. Severe adverse events include serious infections (sepsis and opportunistic infections such as tuberculosis (TB)), malignancies (e.g., lymphoma and non-melanoma skin cancers), multiple sclerosis, lupus, and congestive heart failure. The adverse events most frequently reported for etanercept and adalimumab are injection site reactions, upper respiratory tract infections, sinusitis, and headache. Infusion-related reactions and abdominal pain are additional frequent adverse events with infliximab treatment, besides upper respiratory tract infections, sinusitis, pharyngitis and headache [76] [77] [78] .
More mechanistic properties have been described for TNF-α inhibitors to enhance development of an active infection with Mycobacterium Tuberculosis. The relatively widespread alterations within both the innate and adaptive immune system as well as disruption of the TB granulomas upon treatment with TNF-α inhibitors have been proposed to increase the risk of active TB [79] . Data on TNF-inhibitors and the risk of TB, is mainly based on patients with rheumatic or inflammatory bowel disease which differ from psoriasis patients in the aspect of disease, co-morbidities, and concomitant treatments. However, the same conclusion has been found in a small group of patients treated for psoriasis where 1.08% developed TB despite of prophylactic screening before initiation of TNF-α inhibitor [80] .
Although no long-term data has been published on adverse events for infliximab, an unpublished meta-analysis conducted by a specialist committee on behalf of The Danish Council for the use of Expensive Hospital Medicines indicates a larger risk of severe adverse events for infliximab compared with etanercept and adalimumab [81] . Conclusively, although infliximab seems superior in terms of efficacy, a higher risk of serious adverse events and the risk of infusion reaction which spans from mild to severe must be taken into account in the decision making of systemic therapy.
IL-12/IL-23 Inhibitor
Ustekinumab
Psoriasis was the first inflammatory disease for which ustekinumab was licensed by the FDA. This is unlike the TNF-α inhibitors that were already approved for Crohn's disease and/or a range of rheumatic diseases (including PsA) when receiving FDA approval for psoriasis. Four years later, in 2013, ustekinumab was also approved for PsA, and in 2016 for Crohn's disease.
Ustekinumab is a human IgG1 monoclonal antibody that targets the shared protein subunit p40 of IL-12 and IL-23 [82] . Thereby it inhibits the action of these two cytokines, secreted by the myeloid dendritic cells upon activation and differentiation of naive T-cells into Th1-and Th17-cells. Different from the former biologics registered for treatment of psoriasis, ustekinumab specifically targets the IL-12/Th1-and IL-23/Th17 pathways important in psoriasis pathogenesis. With this novel approach of interfering with the immune system, ustekinumab paved the way for a new strategy in drug development for psoriasis.
Two phase III studies on patients with psoriasis demonstrated that treatment with ustekinumab 90 mg on week 0 and 4 resulted in PASI75 responses at week 12 of 66.4% and 75.7%, respectively, compared with 3.1% and 3.7% in the placebo group [82, 83] . With continuous treatment, 90 mg every 12 weeks, similar PASI75 responses were reached in the two studies, 78.5% and 78.6%, at week 28. In general, PASI75 responses were lower in patients randomized to receive ustekinumab at the dose of 45 mg. In three Asian phase III studies including Taiwanese/Korean, Chinese, and Japanese patients, respectively, ustekinumab 45 mg resulted in PASI75 responses in the range of 59.4-82.5%, compared with placebo 5-11.1% [84] [85] [86] . These results reflect the labeling dosage of ustekinumab: For patients with a bodyweight ≤100 kg the dose of ustekinumab is 45 mg and with a body weight of >100 kg the dose of ustekinumab is 90 mg.
In subsequent studies based on data from registries representing real-life data it seems as ustekinumab, compared with the three anti-TNF-α agents, has a significantly longer drug survival [87] [88] [89] . In the short term (median 16 weeks), prior treatment with a TNF-α inhibitor did not influence efficacy of ustekinumab, whereas number of prior biologics affected the long-term outcome [87, 90] . In two phase III randomized studies, 68.7% and 70% of the patients completed 5 years of ustekinumab treatment with 72% and 78.6% having PASI75 response on ustekinumab 90 mg every 12 weeks (dosing flexibility permitted) [91, 92] . By only including initial responders, PASI75 response was 80.8% (78.8% when measured as last observation carried forward) [91] . This correlated with a retrospective study on patients with psoriasis treated with a TNF-α inhibitor or ustekinumab, that demonstrated longer drug survival and the lowest proportion of loss of efficacy for ustekinumab compared with the TNF-α inhibitors. For all patients (biologically naive and non-naive) 70% remained on ustekinumab after 4 years of treatment [87] .
One single head-to-head study comparing the effect of ustekinumab with etanercept has been published and supports, according to the label, the above-mentioned results on efficacy; at week 12, efficacy of ustekinumab at a dose of 45 or 90 mg was superior to etanercept [93] .
Follow-up from 3 to 5 years indicate a possible safer profile of ustekinumab compared with the TNF-α inhibitors with no increased risk of serious infections and malignancies compared with placebo [87, 94] . However, serious adverse events included in the label of ustekinumab are infections (e.g., TB) and malignancies (mainly non-melanoma skin cancers) [95] . The risk of TB is, however, mainly based on the fact that genetic deficiency of IL-12/IL-23 is associated with increased risk of disseminated infections from e.g., mycobacteria [96] . TB has only been reported in one case report and one clinical trial of Taiwanese patients receiving ustekinumab for psoriasis [85, 97] . The most frequent adverse events for ustekinumab are nasopharyngitis, upper respiratory tract infection, headache, and fatigue [95] .
IL-17 Inhibitors
Secukinumab
Secukinumab was the first IL-17A inhibitor approved in 2015 for treatment of patients with psoriasis, and about one year later secukinumab was also approved for PsA. It is a fully human anti-IL-17A IgG1 monoclonal antibody that selectively binds and neutralizes IL-17A. The IL-17 cytokine family comprises six members, IL-17A-F. Both IL-17A and IL-17F are secreted by Th17-cells and other immune cells, as described previously. Interleukin-17A is about 10-30-fold more potent than IL-17F, whereas the IL-17A/IL-17F heterodimer has intermediate activity [98] .
In phase III studies, the proportion of patients who achieved PASI75 at week 12 was 75.9-86.7% with secukinumab 300 mg (administered once weekly for 4 weeks starting at week 0, then every 4 weeks) and 0-4.9% with placebo [99] [100] [101] . A post-hoc analysis including Japanese patients only, showed similar responses [99] . Head-to-head studies demonstrated secukinumab to be superior compared with both etanercept and ustekinumab [99, 102, 103] . Although the difference in PASI75 response was only small for the comparison of secukinumab to ustekinumab. Contrary, the difference was more pronounced when measuring the proportion of patients achieving a ≥PASI90 response [102, 103] . After 52 weeks of treatment, the proportions of patients (secukinumab versus ustekinumab) with a PASI90 response were 76% versus 61% and the proportions with a PASI100 response were 46% versus 36% [102] . Already at week 1, PASI75 response rates were significantly higher for secukinumab compared with ustekinumab, and at week 4 the proportion of patients achieving PASI75 with secukinumab was 50.0% compared with 20.6% with ustekinumab [102, 103] .
Conclusively, compared with older biologics, secukinumab has a faster onset of action. The drug is highly effective, and compared with ustekinumab, secukinumab has higher PASI90-and PASI100 response rates.
Pooled safety data from 10 phase II and phase III studies have shown that secukinumab was comparable to etanercept over 1 year. An exception was a higher rate of uncomplicated mucocutaneus candida infections in patients treated with secukinumab compared with etanercept [104] .
Ixekizumab
Ixekizumab is a humanized IgG4 anti-IL-17A monoclonal antibody, which like secukinumab neutralizes IL-17A. FDA approved ixekizumab for treatment of psoriasis in 2016 [105] . Ixekizumab is not yet approved for PsA, but is undergoing clinical development [106, 107] .
Results from two independent phase III studies in psoriasis were reported in the same publication, and showed similar results. PASI75 responses reported for the treatment regimen of ixekizumab 160 mg as starting dose followed by 80 mg every 2 weeks were 87.3% and 89.7% at week 12 (for some patients, effect was seen as early as week 1), and was significantly higher than both placebo (7.3% and 2.4%) and treatment with etanercept (53.4% and 41.6%). Results on PASI90 and PASI100 were also significantly higher compared with placebo and etanercept ((PASI90: ixekizumab = 68.1% and 70.7%; placebo = 3.1% and 0.6%; etanercept = 25.7% and 18.7%), (PASI 100: ixekizumab = 37.1% and 40.5%; placebo = 0% and 0.6%; etanercept = 7.3% and 5.3%)) [30] . Combined long-term data from the two phase III studies (UNCOVER 2 and 3) as well as a third phase III study (UNCOVER 1) were published in 2016, and showed in general that >70% maintained treatment responses (PASI75 responses for UNCOVER 1 and 2 and PASI90 responses for UNCOVER 3) up to week 60 with ixekizumab 80 mg every 4 weeks as extension dose [108] . In Japanese patients with psoriasis results from a phase III study on ixekizumab have been even better. However, the study was only based on 78 patients with moderate to severe psoriasis, and designed as an open-label study with no placebo or control group. After 12 weeks of treatment almost all patients achieved PASI75 (98.7%) and 83.3% achieved PASI90 [109] . Results from an extension of this study showed that at week 52, 92.3% had a PASI75 response and 80.8% had a PASI90 response [110] .
More sub-analyses that underline the effectiveness and usability of ixekizumab have been conducted on the basis of the former phase III trials and published separately: High treatment response has been demonstrated after switching to ixekizumab in etanercept non-responders [111] . The difficult to treat psoriasis areas, hands and feet, were improved by treatment with ixekizumab [112] . Treatment with ixekizumab has also been shown to improve patient-reported work productivity, measured by the Work Productivity and Activity Impairment Psoriasis score [113] .
Safety data is available from seven phase I-III studies of patients treated with ixekizumab (12-week induction period and 60 weeks of maintenance). In the first 12-week period comparison with etanercept was eligible and showed similar safety profile, but with a higher frequency of uncomplicated mucocutaneus candida infections. Also, the exposure-adjusted incidence rate of injection site pain was higher in patients treated with ixekizumab every two weeks compared with etanercept. The maintenance period showed no unexpected safety issues [114] .
Brodalumab
The IL-17 receptor family comprises five receptor subunits IL-17RA-IL-17RE. Brodalumab is a fully human anti-IL-17RA IgG2 monoclonal antibody and thereby blocks IL-17 family members that act via IL-17RA, including IL-17A, IL-17A/F, IL-17F, IL17-C, and IL-17E (IL-25) [115, 116] . Like IL-17A, IL-17F has been ascribed a pro-inflammatory role in psoriasis, e.g., through induction of IL-6 and IL-8 in keratinocytes and regulation of CCL20 and human beta-defensin-2 [117] [118] [119] . Expression of IL-17C, but not IL-25, is increased in psoriatic lesions, which indicates a less important role for IL-25 in psoriasis [116, 120] .
Compared with secukinumab and ixekizumab that target IL-17A alone, the ability of brodalumab to block the effects of more IL-17 cytokines involved in psoriasis by interacting with IL-17RA may contribute to higher efficacy. However, no head-to-head studies have been conducted for the comparisons of brodalumab against secukinumab or ixekizumab.
Three phase III studies have been completed (AMAGINE 1-3) , where results from AMAGINE 2 and 3 were published together. At week 12, the proportion of patients achieving a PASI75 response with brodalumab 210 mg every other week (2 doses on week 1) was very similar among the three phase III trials, 83-86%, versus placebo 3-8% [121, 122] . Efficacy compared with ustekinumab was measured at the level of a PASI100 achievement at week 12, and was significantly in favor of brodalumab (PASI100: brodalumab, AMAGINE 2 and 3: 44% and 37%. Ustekinumab, AMAGINE 2 and 3: 22% and 19%). Patients receiving brodalumab were re-randomized after the initial 12 weeks to four different dosing regimens (patients were stratified on i.a. response at week 12), where inadequate responders received rescue therapy from week 16 with brodalumab 210 mg every other week. In AMAGINE 2 and 3, 90% and 91% respectively, remained in the study at week 52. Treatment with the highest dose of brodalumab, 210 mg every other week, from week 12 to 52 (including placebo switched to treatment), >60% had a static PGA score of 0 or 1 (clear or almost clear skin) at week 54 (missing data and patients with inadequate response were imputed as non-responders) [121] . There was no significant difference in adverse events and severe adverse events compared with placebo or ustekinumab, however mucocutaneus candida infections were more often seen in patients receiving brodalumab compared with ustekinumab and placebo [121, 122] .
In Japanese patients a phase II randomized, placebo-controlled study have been conducted with a PASI75 response of 94.6% at week 12 [123] .
In AMAGINE 1 and 2, two patients in each study committed suicide while on brodalumab [121, 122] . Because events of suicidal ideation and behavior were registered in the clinical trials with brodalumab, additional monitoring for suicidal ideation and depression were implemented as wells as a retrospective data review. A total of six patients committed suicide during the clinical trial program (including trials for PsA and rheumatoid arthritis). A FDA advisory committee was set up to bring light upon the concern about a causative relation between brodalumab and suicide. The committee emphasized the fact that among patients with psoriasis, baseline prevalence of depression was increased, and compared with the general population individuals with psoriasis have higher hazard ratios for depression, anxiety, and suicidality. It was also mentioned, that in the clinical studies, patients with histories of drug and alcohol abuse, depression, and suicidality were not specifically excluded from the clinical trials. This differentiated the brodalumab program from most other biologic studies in psoriasis. No biological mechanism has been described for an association between brodalumab and development of suicidal behavior.
In February 2017, brodalumab was approved by the FDA. However, because of the observed cases of suicidal ideation and behavior, the label includes a boxed warning. Furthermore, the drug is only available through a restricted program under a Risk Evaluation and Mitigation Strategy called the Siliq REMS Program. This program ensures that both pharmacies, prescribers and patients are informed about the risk of depression and suicidality and the preventive strategy if symptoms occur [124] . However, in 2016 brodalumab had already received approval in Japan, and in May 2017 the European Medical Agency has recommended the approval of brodalumab without remarks to the European Commission [125, 126] .
Il-17 inhibitors are all highly effective treatments for psoriasis with a rapid onset of action. So far, no head-to-head studies have been conducted to compare the three IL-17 inhibitors on the market. In terms of safety, they are all labeled with an increased risk of infection, most frequently mild infections (e.g., upper respiratory tract infection and candida infections). Manageable mucocutaneous candida infection is associated with all the IL-17 inhibitors, which is probably due to the key role of IL-17 in the host defense against fungi [127, 128] . Like TNF-α inhibitors and ustekinumab, it is recommended to screen patients for and treat latent TB before initiating therapy with an IL-17 inhibitor. There have been no results so far from clinical studies, that indicate an association between IL-17 inhibitors and development of active TB. However, the relationship is difficult to examine from these studies, as patients with active TB were excluded and latent TB was treated before initiating treatment with an IL-17 inhibitor [129] .
Neutropenia was observed in patients receiving an IL-17 inhibitor, which is in accordance with previous studies that indicate IL-17 to play a role in the regulation of peripheral neutrophils [130] . In patients treated with secukinumab for a 52-week period, 77% of newly developed or worsening neutropenia was grade 1 [104] . In patients treated with ixekizumab week 0-60, 8.6% developed grade 1 neutropenia [108] . In addition, in patients treated with brodalumab week 0-52, 0.4 per 100 patient-years developed grade 1 or 2 neutropenia [122] . For all the three IL-17 inhibitors, grade 3 and 4 neutropenia were rare (0-0.5%). Neutropenia was often seen to resolve and was generally not associated with concurrent infection.
A warning about an association between the IL-17 inhibitors and exacerbation of existing Crohn's disease has also been included in the labels.
Brodalumab is labeled with relatively more frequent, but mild adverse events compared with secukinumab and ixekizumab, including arthralgia, headache, fatigue, and oropharyngeal pain [131] .
One phase III study examining effect and safety of brodalumab in patients with PsA was terminated due to sponsors decision (www.clinicaltrial.gov accessed June 2017: NCT02029495). Another phase III study has been completed, but results have not yet been published (www.cinicaltrial.gov accessed June 2017: NCT02024646).
Only limited long-term safety data is available for the IL-17 inhibitors and so post-marketing surveillance should be performed for any adverse events associated with the use of these new biologics.
Upcoming Biologics
Tildrakizumab and risankizumab are monoclonal antibodies in phase III clinical trials, that target the subunit p19 of IL-23. By doing so, the antibodies exclusively target IL-23 without interfering with the subunit p40 that is shared with IL-12. This is in contrast to ustekinumab which targets both IL-12 and IL-23. The rationale for sparing the IL-12/Th1 pathway is supported by data demonstrating divergent effects of IL-12 and IL-23, with IL-12 signaling resulting in anti-psoriatic effects in the Imiquimod induced psoriasis-like skin inflammation model [132] . Moreover, a better adverse event profile of IL-23p19 inhibitors may be expected by leaving the Th1 response intact for bacterial and viral defense. In a phase II study comparing risankizumab with ustekinumab, results on efficacy is in favor of risankizumab, both at the level of PASI90 and PASI100 [133] . These results support the idea that the IL-23/Th17 axis is the dominant pathway in psoriasis pathogenesis.
Guselkumab, another IL-23p19 neutralizing antibody, was approved by the FDA in July 2017 and results from the two first phase III studies have been published, both controlled for placebo as well as for adalimumab. The largest absolute differences were seen at the level of PASI90: Guselkumab 100 mg week 0 and 4 and then every 8 weeks, resulted in a PASI90 response at week 16 of 73.3% and 70.0% (guselkumab) versus 49.7% and 46.8% (adalimumab) versus 2.9% and 2.4% (placebo) [134, 135] . A third phase III study explores switching to guselkumab in patients with non-adequate responses to ustekinumab. Results have not yet been published (www.cinicaltrial.gov accessed June 2017: NCT02203032).
Phase III results for tildrakizumab and risankizumab have not yet been published (as of June 2017). Certolizumab Pegol, a PEGylated TNF-α inhibitor, has for several years been approved for PsA, and has now entered phase III trials for psoriasis. Multiple biologics are in early phase clinical trials for treatment of moderate to severe psoriasis (Table 2) . 
Biosimilars
Biosimilars are biologics that are similar but not identical to the original biologic. This is in contrast to generic drugs that consist of identical active compounds of its reference drug and only varies in the vehicle. This difference, is due to the fact, that production of biologics involves living organisms yielding highly complex molecules while generic drugs are produced by a chemical manufacturing process [136] . As the oldest original biologics for the treatment of psoriasis went off patent, biosimilars have emerged. For the TNF-α inhibitors, adalimumab, etanercept, and infliximab, biosimilar therapies have been approved by the FDA. As of May 2017, more biosimilars are in phase III studies to evaluate similarity compared with its originator in patients with psoriasis: CHS-2014 (etanercept biosimilar; www.cinicaltrial.gov: NCT02134210) and BCD-057 and M923 (adalimumab biosimilar; www.cinicaltrial.gov: NCT02762955 and NCT02581345).
Concern has been expressed that biosimilars may not perform with equivalent efficacy and safety as the originators upon their approval and initiation of clinical use. Clinical trials for biosimilars have been conducted with smaller sample size than required for approval of novel biologics. Moreover, clinical trials for each indication of the originator are not necessary for approval of the biosimilar for the same indications. This indication extrapolation bears the risk that a biosimilar may perform with different efficacy and safety compared with the originator in the diseases where the biosimilar has not been tested [137] . Another concern to be addressed, is the clinical situation of switching a patient on the original product to a biosimilar, rather than staying on the original product or initiating biological therapy with a biosimilar. A recently published phase IV trail, the NOR-SWITCH trial, has been conducted for switching of infliximab to the biosimilar CT-P13 among patients with different inflammatory diseases. It was concluded that CT-P13 was not inferior to infliximab at a non-inferiority margin of 15%. However, the study was not powered to conduct analysis on individual diseases [138] .
The advantages gained from less data needed for approval, include lower cost of production and thereby less expensive therapies that may increase drug availability for more patients. Along with more biologics losing patent rights, more biosimilars are expected in the future. Under these terms, post-marketing surveillance is of utmost importance for the identification of differences in efficacy and safety that may not have been revealed upon clinical development.
Conclusions
The major progress made within treatment of moderate to severe psoriasis has been accomplished with the introduction of biologics. Especially, the most recently approved IL-17-and IL-23-targeting biologics proved highly efficient and have a good safety profile in short-term clinical trials. However, only long-term results from clinical studies and post-marketing surveillance can decide to what extent the new therapies are a success. With the development of biosimilars, a question to be addressed is also to which indications systemic therapy should or should not be extended. Aggressive, targeted therapy of mild psoriasis at an early stage also remains unexplored.
Guidance on which of the biologics to choose for the highest rate of success for the individual patient, and how to proceed or discontinue treatment in patients that have achieved effect on biologics seems also warranted. Future studies on the mechanistic link of genetics and co-morbidities to psoriasis may bring information that permits a more individualized treatment approach.
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